INTRODUCTION
All plants are subjected over time to various biotic and abiotic stresses within their natural environment. Apple production is susceptible to fungi, viruses, replant disease, drought, water-logging, sunburn, wind, low temperatures, and acidification or alkalinization of the soil (Schrader et al., 2001 (Schrader et al., , 2003 Manici et al., 2003) .
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wild plant resources is an effective means for modifying current cultural varieties for adaptation to sub-optimal conditions, and for improving their yield and quality (Mano and Takeda, 1998; Iriki et al., 2001) . About 80% of all wild Malus species originates from China (Zhou, 1999) . These scarce and valuable plants are now widely collected, studied and utilized for apple rootstocks. For example, Malus sieversii has a rich biodiversity suitable for complex and varied terrains and landscapes, as well as unique types of ecosystems (Geibel et al., 2000; Dzhangaliev, 2003; Cao et al., 2004; Liu et al., 2004; Yan et al., 2008) . This species, recognized as the major progenitor of the domestic apple is characterized by various fruit sizes and shows good resistance to Erwinia amylovora (fire blight) and drought (Forsline and Aldwinckle, 2004; Ma et al., 2008) . Likewise, Malus hupehensis, Malus robusta and Malus sieboldii have higher tolerance to root-zone hypoxia while M. sieversii and Malus toringoides are more sensitive to such stress (Bai et al., 2008) . Soil degradation, that is, the decline and loss of soil functions, is becoming more serious worldwide, threatening agricultural yields and terrestrial ecosystems (Chen et al., 2002) . Like other crops, apple production in China is affected by soil salinization from drought in the northwest Loess Plateau area and by acidification due to rapid industrialization on the southwest plateau.
To overcome this problem, growers must select and utilize acid-or alkaline-tolerant wild Malus species, an approach that has been adopted with other crops (Bal and Dutt, 1986; Ashraf and Waheed, 1993; Nevo et al., 1993; Gossett et al., 1994; Zhen et al., 2010 Zhen et al., , 2011 . Because of their demonstrated resistance to multiple stresses, M. sieversii, Malus prunifolia, M. robusta, Malus mandshurica and M. hupehensis are desirable seedling rootstocks for various apple production areas in China. Therefore, they were selected as materials for our research of their tolerance to acidic or alkaline growing conditions. Here, we focused on their relative changes in biomass and accumulations of MDA and soluble proteins when seedling roots were exposed to different pH values in hydroponic solutions.
MATERIALS AND METHODS

Plant materials
Five species of Malus --sieversii, prunifolia, robusta, mandshurica and hupehensis -that originates from different climatic regions in China were used in these experiments (Table 1) . Seeds were surface-sterilized in 0.3% (v/v) H2O2 for 20 min, then rinsed several times with sterile H2O (Zhang et al., 2007) . They were then stratified at 4°C for 85 days. The germinants were sown in plastic pots (9 cm diameter, 12 cm high; 3 seeds per pot) filled with sterilized sand. All pots were placed in a greenhouse at the College of Horticulture, Northwest A&F University, Yangling (34° 20′ N, 108° 24′ E). Plants were grown under natural light, at 25/20°C (day/night) and 65 to 80% relative humidity. They were watered weekly with Hoagland (1920) nutrient solution (pH 6.0 ± 0.2). When they reached the sixleaf stage, uniform seedlings were selected and transferred to a hydroponic system that consisted of plastic containers (70 × 50 × 20 cm) filled with 20 L of half-strength Hoagland nutrient solution (pH 7.0, electrical conductivity 1.2 ms cm -1 ). Nine containers were used for each species (50 seedlings per container were evenly separately fixed on the polyethylene bubble board through the hole), and all were placed in a controlled growth room (12 h photoperiod, 25/20°C day/night and a photon flux density of 140 to 160 µmol m −2 s −1 ). The seedlings were allowed to acclimate to these hydroponic conditions for 5 days.
pH treatments
To evaluate the effects of solution pH (5.5, 7.0 or 8.5) on seedling performance, each of the five species were treated in three replicated hydroponics containers. Values of pH for each solution were adjusted to acid (pH 5.5) or alkaline (pH 8.5) conditions with 76 ml of 1 M HCl or 46 ml of 1 M NaOH, respectively. The third level (pH 7.0), for the control was achieved by combining the solutions into one container filled with 20 L of half-strength Hoagland nutrient solution. These solutions were renewed every 5 days.
Measurements of seedling growth
Starting values were recorded on day 0 of the treatment period for fresh (FW) and dry weights (DW) of the whole plant, plant heights and root lengths. For FW, 10 seedlings per species were randomly sampled and weighed. These samples were then oven-dried at 70°C for at least 72 h and re-weighed to establish their average initial DW. Another 10 seedlings randomly selected from each species, treatment, and replicate were marked and measured for initial values of plant height and root length. After 20 days of treatment, those previously marked seedlings were again assessed for FW, DW, height and root length. Another 10 seedlings randomly chosen from each species, treatment, and replicate were partitioned into root and stem portions, then quickly frozen in liquid nitrogen and stored at −70°C.
Determination of MDA, H2O2, and O2
.
-contents
We monitored lipid peroxidation by measuring the accumulation of malondialdehyde (MDA) according to the method of Baziramakenga et al. (1995) , with some modifications. Root samples (0.5 g) were homogenized in 5 ml of 0.1% trichloroacetic acid (TCA) in phosphate buffer solution (PBS, pH 7.8) and centrifuged (12,000×g, 15 min). Supernatant (1 ml) was added to 0.5% thiobarbituric acid in 4 ml of 20% TCA. The mixture was placed in a water bath at 100°C for 10 min, then quickly cooled in an ice bath for 15 min. Samples were centrifuged (12,000×g, 5 min), and absorbance of the supernatant was measured at 450, 532 and 600 nm. Hydrogen peroxide (H2O2) was measured according to a method described by Patterson et al. (1984) . Frozen roots were homogenized in acetone, at a ratio of 1 g of sample: 2 ml of ice-cold acetone. Titanium reagent (2% TiSO4) was added to a known volume of extract supernatant to give a Ti concentration of 2%. The Ti-H2O2 complex, together with untreated Ti was then precipitated by adding 0.2 ml of 17 M ammonia solution per ml of extract. The precipitate was washed five times with ice-cold acetone by re-suspension, then drained and dissolved in 3 ml of 2 M H2SO4. Absorbance of the solution was measured at 410 nm against blanks that had been prepared similarly but without plant tissue.
The generation rate for the superoxide radical (O2 .-) was determined by the method of Elstner and Heupel (1976) , with some modification. Briefly, 1 g of root tissue was ground with 4 ml of 65 mM PBS (pH 7.8) and centrifuged (5000×g, 10 min). The supernatant (1 ml) was mixed with 0.9 ml of 65 mM PBS (pH 7.8) and 0.1 ml of 10 mM hydroxylamine hydrochloride, and was incubated at 25°C for 20 min. Afterward, 17 mM sulfanilamide and 7 mM α-anaphthylamine were added to that mixture, followed by incubation at 25°C for 20 min. Light absorbance was measured at 530 nm.
A standard curve with the nitrogen dioxide radical (NO2 -) was used to calculate the rate of O2 .-generation.
Extraction and assay of antioxidant enzyme activities
Antioxidant enzymes were extracted from apple roots according to the method of Yu et al. (2003) , with some modifications. Samples (0.5 g) were homogenized in 8 ml of 0.1 M phosphate buffer (pH 7.5) containing 2% (w/v) polyvinylpyrrolidone. The homogenate was centrifuged (12,000×g, 20 min) and the supernatant was used for enzyme analysis. All assays were carried out at 2 to 4°C. Superoxide dismutase (SOD) activity was measured as described by Beauchamp and Fridovich (1971) , with minor modification. The assay medium (3 ml) contained 50 mM phosphate buffer (pH 7.8), 0.1 mM ethylenediaminetetraacetic acid disodium salt (EDTA-Na), 12 mM L-methionine, 2 µM riboflavin, and 75 µM nitrotetrazolium blue chloride; the riboflavin was added last. Tubes were shaken and exposed to a photosynthetic photon flux of 50 µmol m −2 s −1 for 15 min. The reaction was initiated and terminated by turning the light on and off, respectively. Absorbance was measured spectrophotometrically at 560 nm; tubes containing the assay mixture but lacking root extract (control) also were illuminated to determine the net A560nm. Peroxidase (POD) activity was measured according to the method of Sofo et al. (2004) , with some modifications.
The reaction solution (3 ml) contained 2.9 ml of 50 mM phosphate buffer (pH 7.0), 50 µl of 10 mM guaiacol, 10 µl of 40 mM H2O2 and 40 µl of crude enzyme extract. The increase in absorbance at 470 nm, due to the oxidation of guaiacol was measured at 20°C. Catalase (CAT) activity was assayed by monitoring the decrease in A240nm (Aebi, 1984) . The mixture contained 50 mM phosphate buffer (pH 7.0) and 30% H2O2 (w/v), and the mixture was started by adding the solution to 10 µl of crude extract. Activities of ascorbate peroxidase (APX) and glutathione reductase (GR) were assayed using the method described by Ma and Cheng (2003) . Root tissues (0.5 g) were extracted with 8 ml of 50 mM PBS (pH 7.5) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, 0.1% triton X-100 and 2% PVP-3000. The homogenates were centrifuged at 16,000×g for 20 min at 4°C and the supernatants were collected. APX activity was monitored at 290 nm in 3 ml of a reaction mixture containing 50 mM Hepes-KOH (pH 7.6), 0.1 mM EDTA, 1 mM H2O2, 0.5 mM reduced ascorbate (AsA) and 0.05 ml enzyme extract. The reaction was initiated by adding the peroxide.
One unit of APX activity was the amount of APX catalyzing the oxidation of 1 mmol ascorbate per min. GR activity was monitored at 340 nm in 3 ml of a reaction mixture containing 100 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM oxidized glutathione (GSSG), 0.2 mM NADPH and 0.1 ml enzyme extract. The reaction was initiated by adding NADPH. One unit of GR activity was defined as the amount of reduction of 1 mmol GSSG per min.
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Determination of AsA and GSH contents Samples (0.5 g) were homogenized in 8 ml of 6% (w/v) TCA that had been pre-cooled on ice. The extract was then centrifuged at 12,000×g for 20 min. The AsA content was determined according to the method of Kampfenkel et al. (1995) while GSH was assayed as described by Griffith (1980) . Non-protein thiols were extracted by homogenizing the samples in 5% (w/v) sulfosalicylic acid on ice before centrifugation (10,000×g, 20 min). The supernatants were collected for analysis. GSH content was determined in neutralized samples after GSSG was reduced with yeast-GR, 5,5-dithio-bisnitrobenzoic acid and NADPH. Readings were taken with a spectrophotometer at 412 nm.
Statistical analysis
All data were subjected to ANOVA using a SPSS Statistical Package (version 13.0). Results were presented as means ± standard deviation (SD).
RESULTS
Effects of pH on growth
Growth of M. sieversii seedlings was significantly stimulated at pH 8.5 compared with that at pH 7.0 (control). Fresh weights, dry weights, and root lengths were significantly increased at 111.39, 114.30 and 86.47%, respectively ( Figure 1a, b, d ). Although, heights also changed, their increase did not differ significantly from the control (Figure 1c 
Effects of pH on SOD, POD, CAT, APX and GR activities
Activities of the SOD, POD, CAT, APX and GR enzymes from roots of M. sieversii at pH 8.5 were 33.86, 24.46, 20.55, 26 .76 and 32.91%, respectively lower than those grown at pH 7.0 (Figure 3a to f) . By contrast, these activities were increased statistically within M. prunifolia roots treated at pH 8.5, being enhanced by 65.28, 52.02, 45.89, 70.69 and 67.36%, respectively, over the control. At pH 8.5, those respective activities in M. hupehensis were significantly higher, by 80.50, 55.90, 72.49, 107.70 and 86.90%, than for control seedlings. This response was also true for M. sieversii (significant increases of 57.62%, SOD; 24.69%, APX; and 26.23%, GR) and for M. robusta (49.75%, SOD; 26.68%, POD; 27.22%, CAT; 56.10%, APX and 33.33%, GR). However, when compared with the control, no significant change in activity was found for M. robusta and M. mandshurica at pH 8.5 or for M. prunifolia, M. mandshurica and M. hupehensis at pH 5.5.
Effects of pH on AsA and GSH contents
Ascorbate and glutathione contents in M. sieversii roots were 46.83 and 43.40% lower, at pH 8.5 than at pH 7.0 respectively (Figure 3f, g ), while those of M. prunifolia at pH 8.5 were significantly higher than the control, by 44.10% Deng et al. (AsA) and 58.72% (GSH). This was also true for M. hupehensis, with significant increases of 75.42% (AsA) and 92.23% (GSH). At a pH of 5.5, those contents in M. sieversii were also significantly higher than those from the control; that is, by 35.10% (AsA) and 49.20% (GSH). The same trend was found with M. robusta (40.63%, AsA and 52.35%, GSH). As it was found with enzyme activities, changing the pH value of the solution from 7.0 did not significantly influence AsA or GSH contents in M. robusta and M. mandshurica at pH 8.5 or M. prunifolia, M. mandshurica and M. hupehensis at pH 5.5.
DISCUSSION
We monitored the tolerance of five wild species of Malus when exposed to acid or alkaline conditions in a hydroponics system. All have long been used in China as seedling apple rootstocks or base rootstocks for dwarf inter-stem nursery trees (Zhou, 1999) . Our findings are useful both for understanding the underlying resistance physiology of these important but scarce resources and for the more applied goal of developing elite dwarf multiresistance apple rootstock that is better suited to modern production approaches. Acid and alkali resistance can be evaluated by determining relative changes in plant biomass, the accumulation of MDA and H 2 O 2 , and the rate of O 2 .-generation (Hannon and Bradshaw, 1968; Dhindsa et al., 1981; Francois et al., 1986; Zhu, 2001; Apel and Hirt, 2004; Gong et al., 2011) . The generation of oxidative stress in plant cell is because an imbalance between reactive oxygen species (ROS) and their removal (Asada, 1999) . The defense capability of antioxidant systems was related to plant species (Bai et al., 2010; Zhen et al., 2010 Zhen et al., , 2011 . Here, we identified M. sieversii as being alkali-tolerant because it had significant increases in fresh and dry weights, plant heights, and root lengths, as well as less accumulation of MDA and H 2 O 2 and a lower rate of O 2 .-generation at a higher pH (8.5).
In contrast, M. robusta and M. hupehensis were found to be alkali-sensitive and M. sieversii and M. mandshurica were acid-sensitive based on their significant reductions in fresh and dry weights, heights, and root lengths when the solution pH was altered. They also showed greater accumulations of MDA and H 2 O 2 and a faster rate of O 2 .-generation when the pH was adjusted from a neutral 7.0. The significant increases in antioxidant enzyme activities, and contents of ascorbate and glutathione led to those significant accumulations and enhanced O 2 .-generation. Under acidic conditions, fresh weights, plant heights, and root lengths were not significantly reduced in M. sieversii and M. mandshurica, although they showed declines in dry weights, MDA and H 2 O 2 accumulations and O 2 .-generation because those plants more easily absorbed water.
Conclusion
In summary, M. sieversii, M. mandshurica and M. robusta showed normal growth at pH 7.0 to 8.5; M. prunifolia, M. robusta, and M. hupehensis, at pH 5.5 to 7.0. Therefore, we recommend that M. sieversii, M. mandshurica, and M. robusta are the best selections for general rootstocks but that M. robusta and M. hupehensis should be avoided in regions with high pH. Furthermore, seedling rootstocks would be best chosen from M. prunifolia, M. robusta, and M. hupehensis whereas M. sieversii and M. mandshurica are not suitable for soils with low pH values. We also believe that M. sieversii would be appropriate as a parent for breeding alkali-tolerant apple dwarf rootstock.
